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1. INTRODUCTION 

The unified power flow controller (UPFC) is a universal AC transmission controller having three 
main functions those are real and reactive power control, reactive power compensation and voltage 
regulation. There are several ways to introduce and explain the concept of UPFC. These include 
mathematical approach, phasor diagrams, or various plots showing graphically relationships among the main 
transmission parameters, active and reactive power, voltage, line impedance, and transmission angle. 
The UPFC consists of two converters connected back-to-back, one connected in series and the other in 
parallel with the transmission line as shown in Figure 1. The shunt type of converter is mainly used to deliver 
active power demand in the series converter through a common DC link. Shunt converter generate or absorb 
reactive power, as desired, and thereby provide independent shunt reactive compensation for the line. 
The voltage with controllable magnitude and phase angle is injected in series with the line via a series 
converter. The UPFC injection model is derived enabling three parameters to be simultaneously controlled. 
They are namely the shunt reactive power, magnitude, and phase angle, of the injected series voltage Vs. 
“The series-connected voltage source” is modeled by an ideal series voltage Vs which is controllable in 
magnitude and phase. The distributed power in the transmission lines system depends on the transmission 
line impedance. The UPFC is a member of the 2" generation of FACTS which uses the concept of 
synchronous voltage source converter (VSC) for giving a uniquely comprehensive ability for transmission 
line control [1]. 

UPFC able to control the independent flow of both active and reactive power [2]. In recent years, 
new artificial intelligence-based approaches have been proposed to design a FACTS-based power flow [3]. 
Surya Prakash and Satish Kumar [4] use I[UPQC to enhance power quality as well as to exchange power from 
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one line to the other but this system uses four converters. A. Ajami and S.H. Hosseini [5] uses UPFC for 
current balancing and power control for one line they used the PSCAD simulation program. M. Y. Suliman 
and R. K. Antar [6] used STATCOM for controlling the power in a transmission line with a neuro-fuzzy 
algorithm. M.A.M. Manaz, et al [7] show the ability of the control algorithm to minimize power fluctuation is 
justified using STATCOM like device with considerably small storage could be used at the transformer end 
to balance the resulting mean zero fluctuation. In [8] the authors proved that the capacity of the series 
converter is reduced when the series converter is placed on the substation side of the distribution system 
while the shunt converter is placed on the ending side. The contribution of this study is to use a unified power 
flow controller for balancing active and reactive power flow in parallel transmission lines with adaptive 
neuro-fuzzy logic. The results show the ability of UPFC to control the flow of active and reactive power in 
the controlled line and thus the overall power regulated between lines. Power balancing philosophy is 
illustrated in Figure 2. 
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Figure 1. Basic UPFC model 
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2. MODELLING OF THE UNIFIED POWER FLOW CONTROLLER 
It is convenience to model the UPFC converter as a controllable voltage source is shown in Figure 3. 
The two ideal series and shunt voltages source equations of the UPFC are: 


Ve = eel (cosOse + jsin®se) (1) 


Von = [Von] (COSOsn +jsinOsn) (2) 


| | 
| 
Pe*Q. |p P24/Q2 | Zn |p P3983 
| | | 
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Figure 3. Voltage source model of the UPFC 


UPFC operates by adding a controlled voltage of variable magnitude and phase angle at the power 
system frequency (Vinjectea) as shown in Figure 4. UPFC can operate in two modes reactive 
compensation and load angle control depending on the reference signal line current or phase voltage [8, 9]. 
In this paper UPFC operates as a load angle control by taking the phase voltage as a reference for injection, 
this done by kept the injected voltage phase angle (y) in the quadrature phase shift with the system phase 
voltage instead of the current. consequently, UPFC is controlling the phase angle "load angle" between 
sending end and receiving ends of the transmission system [10, 11]. The "active and reactive power flow" can be 
regulated between the two ends of the transmission system by controlling the injected voltage magnitude 
and phase angle: 


Vinjected Vinjectead| < +y (3) 


Bus 2 Bus 3 
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Figure 4. Schematic diagram of UPFC 


From Figure 4, the active and reactive power flow in controlled transmission system after inject 
the controllable voltage (Vinjectea=Vs) are: 


Vm V3 
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: ——— cos(6 t v) (5) 
Where Vmis the controlled bus voltage and w the phase angle of the injected voltage, V3 is 
the receiving end voltage and X is the reactance of the transmission line. the connect of the series converter in 
series with the one of parallel transmission. 

The UPFC injects a controllable voltage so that the active and reactive power add or subtract with 
the power flow in the control transmission line and. The regulated line powers can be achieved with any 
proportions wanted. The injected voltage injects a sinusoidal controllable voltage (depending on the 
frequency of switching devices and configuration of the inverter) with variable amplitude [12]. UPFC can 
operate in a phase shift regulator and emulate as a controller of power flow [13, 14]. VSI is the main part of 
UPFC. Shunt VSI is energized by AC line itself, while the series VSC is fed by the shunt VSC through 
the DC link. The injected voltage V, has two parameters the amplitude (O<V.<Vgmax) and phase angle 
(0<y<360") as shown in Figure 5. 






Series VSC limit 


Figure 5. Vector diagram of UPFC function 


The total "active and reactive power" in transmission line 2 are: 


Pr = P t Poq (7) 
Qr — Q; tQ, (8) 


where; P, is the injected active power and Q,,, is the injected reactive power. 


Depending on (7, 8) the active and reactive power can be regulated by adding or subtracting 
the injection powers. 


3. ACTIVE AND REACTIVE POWER NEASUREMENT AND CONTROL 

The d-q theory was applied to measure the power components (active & reactive). It 1s based on 
time-domain also valid for the operating system in both steady-state and transient and can apply for generic 
waveforms of current and voltage in power system [15]. The simplicity of calculations is another advantage 
of this theory, which includes algebraic calculation except the required for separating the alternated and mean 
values of power components calculation [16]. The d-q theory implements "park transformation" to transform 
the a-b-c coordinates (stationary reference) to rotating coordinates or d-q coordinates [17]. The transformation 
is applied for voltages in the time domain as a standard frame (i.e. v4, vo and v.) is as follows: 


cos(Ó) | cos(Ó — =) cos(@ + =) 
HE = I (0) -—sin (9 — =) — + s H (9) 
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2 
Ø = (wt + 0) (11) 


where (@) is the phase shift between the rotating and fixed coordinates with respect to time, also (0) 
represents the phase shift between the voltage and line current. Two power components compensated can be 
calculated by: 


p — Vala t Vl (12) 


q = Valq — Vila (13) 
4. CONTROL SCHEME OF COMPENSATOR 

Figure 6 shows the control scheme of the compensator. The voltages and currents (three phase) are 
measured and for eliminating the noise "high-frequency components" the inputs are filtered then the active 
and reactive power calculated using park transformation (9) to (13). From the system, these measured signals 
in (29, 30) work as inputs to the closed-loop control (as feedback). The desired reference values of active and 
reactive power Pref and Gre are compared with the calculated values of measured values for generating error 
signals Enorp and Enrorg. These signals are processed in the controller where: 


Erorrp = Pref — P (14) 


ErorT, eg ord (15) 
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Figure 6. UPFC control system block diagram 


Logic control with neuro-fuzzy system is adequate for ununcertain systems, especially to the system 
with a difficult to derive its model mathematically. Neuro-Fuzzy logic plays an important function in many 
applications especially the practical [18]. Takagi-Sugeno " TS " choose in this study as inference mechanisms 
[19]. The artificial neural network (ANN) is used for tuning the TS-controller membership functions. TS- 
fuzzy logic has variable non-linear gain. The controller provides a wide gain variation. The use of ANN for 
adapting the fuzzy system parameters which can achieve a better response. Combine the fuzzy specific 
approach with adaptive learning, this type of control can be trained easily and don’t need for a big expert for 
knowledge as required in the conventional Mamdani-fuzzy logic [20]. By using the ANN learning algorithm, 
the rule-base can be reduced. The parameters of input and output MF "membership functions" are to be 
specified through the period of training [21]. ANFIS controller designed consists of 5-layers, which in each 
layer has constant nodes (no need to tune) or variable node (need to tune) through training period [22]. 
The 7-layers outputs emulate ANFIS design procedure referring to [23]. The advantage of using the ANN 
algorithm is for adjusting the parameters of the membership functions of output and input so that the output 
of Neuro-Fuzzy best matching the data of training [24]. A hybrid learning (Lease Squares Estimate-LSE and 
Gradient Descent-GD) is used to identify the parameters network [25]. In this study. The inputs are split into 9 
trapezoidal membership functions" with overlapping of 50%, so, the two vector inputs a "49-control rule resultant 
linear functions required to be determined. Figure 7 shows the validation test while Figure 8 shows the tuning 
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TS-rules using ANN. The vector's inputs are Ep and Eq, the output m "modulation index". Figures 9 and 10 show 
the Fuzzy logic layers and the validation surface of the Fuzzy logic system respectively. 





Figure 7. Fuzzy logic validation test 
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Figure 8. TS-rules using ANN 


UCU ) 


aao 
Cu 





ECE LEY 


Figure 9. Neuro-fuzzy design 
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Figure 10. Neuro-fuzzy logic validation surface 


5. SIMULATION STUDY 

The proposed model study was consisting of a distribution 2-branch feeders with as shown 
in Figure 11. UPFC installed to control the power in transmission line 2. The compensator is provided by a 
DC-link that helps in absorbing or feeding the reactive or active power. The test starts by making the bus-2 as 
PV node then the analysis of load flow through the network using “Newton-Rapheson method”, the total 
power and the powers in both branches without compensation are calculated. The compensation process is 
done by injecting a control voltage (Vinjectea) Which was in making with phase voltage in quadrature. First, the 
model test is done by a “one-step change” in the load, before 5.0 seconds the power in unbalance between 
the parallel transmission lines at t=5.0 second UPFC inject the controllable voltage the controllable injected 
current and voltage are shown in Figures 12 and 13 respectively, in the other hand the rms line currents of 
the parallel transmission lines shown in Figure 14. Figures 15 shows the rms of two-bus voltage. The change 
in active and reactive power flow after injection are shown in Figures 16 and 17 respectively. All of the 
results are given in pu. 
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Figure 11. Two lines power control with UPFC 
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Figure 12. The injected current vs. line current 
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Figure 13. The injected voltage vs. bus voltage 
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Figure 14. Line currents 
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Figure 15. Bus voltages 
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Figure 16. Two-line active power 
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Figure 17. Two-line reactive power 
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6. CONCLUSION 

In this study, modeling of active and reactive power flow control in parallel transmission lines using 
UPFC is presented. The amplitude and the phase angle of controllable voltage can be adjusted by a series 
converter of UPFC so that they can inject the controllable voltage that can regulate the components of 
the power (active and reactive) and then regulates the powers through the parallel transmission lines. 
To control the UPFC a Neuro-fuzzy logic controller was designed. Simulation results show that 
the significant management of the powers “active and reactive” in parallel lines is obtained by dividing the 
whole power between the parallel transmission lines. 
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